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ABSTRACT
This study determined controls on snow free season soil CO2 efflux in a sugar 
maple forest in central Ontario. Soil CO2 efflux data were collected with soil temperature, 
moisture, nutrient pools and sorption capacity. Soil CO2 efflux ranged from 0.2 to 30 
pmol/m2/s. Temperature and moisture explained 49% of the variance (p<0.0001), with 
carbon pools and sorption capacity explaining an additional 31% (p<0.0001). The forest 
floor carbon pool was negatively correlated with soil CO2 efflux, indicating it is a net 
carbon sink to the atmosphere. In contrast, a positive correlation was found between soil 
CO2 efflux and the carbon-rich Ah horizon, indicating Ah carbon is actively respired, and 
the carbon-poor Ae horizon with high sorption capacity, indicating Ae serves as a trap for 
dissolved carbon flowing downslope that is subsequently respired. This finding has 
implications for managing forests for carbon offsets, because the majority of carbon is 
respired from older soils underneath the forest floor.
Keywords: forest, soil, temperature, moisture, substrate, carbon dioxide (CO2), 
carbon pools, sorption capacity, topography
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1.1 Global Carbon Cycle
The global carbon cycle describes transfers among three major pools: the 
atmosphere, the ocean, and the terrestrial biosphere, with the latter containing the largest 
pool of carbon. In general, net primary production transfers carbon from the atmosphere 
to the terrestrial biosphere, and this carbon is then either transferred to soils, or respired. 
Land use change, burning of fossil fuels, and forest fires also transfer carbon from the 
terrestrial biosphere to the atmosphere. Carbon from the terrestrial biosphere also runs off 
into waterways and into the oceans, where it can be stored as dissolved organic carbon 
(DOC), in deep ocean waters, as sediments, or be released back into the atmosphere (Fig 
1 . 1 )
Twice as much carbon is stored within soils than in the atmosphere, though the 
turnover rates within this pool vary greatly depending on the form and lability of the 
carbon (Chapin et al., 2002). These vast stocks of carbon, which in Canada are stored 
primarily as forest soils, prairie soils, and peat deposits, are not permanently stored; they 
are susceptible to various pathways of carbon loss. Indeed, most soil carbon can be 
respired in the form of CO2 by soil microbes and roots, a process that is dependent on soil 
conditions (temperature and moisture), microbial activity, and the quality of the substrate 
available (Davidson et al., 2006). Labile, dissolved substrates can be turned over in a 
matter of minutes, while recalcitrant soil organic matter (e.g. peat) may take thousands of 
years to turn over. This soil flux contributes ten times more carbon to the atmosphere 
than fossil fuel combustion (Houghton, 2001), though it is usually offset by 









Storage in GtC 
Fluxes in GtC/yr
Figure 1.1 Fluxes and storage of carbon in the global carbon cycle (NASA Earth 
Observatory, 2006).
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Almost half of Canada is covered by forests, thus is it important to understand the 
major players within the forest carbon cycle. The forest carbon cycle consists of two 
major processes: the uptake of atmospheric carbon by plants via photosynthesis, and the 
efflux of carbon by autotrophic and heterotrophic respiration. The major pathways of 
carbon loss from plants to soil are litterfall and root exudation, resulting in storage as soil 
organic matter (SOM) or are respiration by soil microbes (Chapin et al., 2002). SOM can 
be humified (converted into refractory forms) or sorbed to mineral surfaces, instead of 
being decomposed. It may also leave the soil carbon pool via the leaching of dissolved 
organic matter (DOM) in lateral flows to downslope areas rather than being respired in 
situ (Chapin et al., 2002). Quantifying the influx of carbon substrate from the atmosphere 
to plants, then to the soil, and its subsequent efflux from the soil back to the atmosphere 
through decomposition, is the overall goal of several major carbon research networks 
(e.g., FluxNet Canada, AmeriFlux, EuroFlux). Canada’s vast forests have the potential to 
be a carbon sink or an enormous carbon source and so carbon accounting in forests has 
become an important priority.
The two largest forest regions in Canada are the Boreal forest region and the 
Great Lakes-St. Lawrence forest region, which together account for over 85% of forested 
land in Canada. Though the Boreal forest is much larger than the Great Lakes-St. 
Lawrence forest region, climate predictions for these areas indicate that the Great Lakes- 
St Lawrence forest region will likely expand northward into what is currently the Boreal 
forest region (Natural Resources Canada, 2006). Carbon fluxes within the Great Lakes- 
St. Lawrence forest region are thus the focus of many studies currently ongoing in
Ontario, and of these fluxes, those from the soil into the atmosphere are of particular 
importance.
Adequately quantifying carbon fluxes in a forest requires a thorough knowledge 
of decomposition processes in soil, because these processes determine whether a forest 
acts as a carbon sink or source (Raich et al., 2002). However, the environmental 
processes that control soil C 0 2 efflux can vary greatly from year to year with changing 
climatic conditions (Rustad et al, 2000); therefore, the net sink or source status of a 
forest can vary across relatively short timescales if soil respiration increases without an 
equivalent increase in primary productivity.
1.3 Soil Respiration
The two main methods to assess carbon effluxes from forested systems are the 
eddy covariance method and the chamber method, but both have disadvantages (Rustad 
et al., 2000). The eddy covariance method requires relatively homogenous terrain and 
fails to account for heterogeneity within a forest (Schmid, 2002; Wang et al., 2006). The 
chamber method, while able to account for heterogeneity at the soil surface, is labour 
intensive and is not amenable to large-scale monitoring (Drewitt et al., 2002). It is for this 
reason that accurate modelling of soil C 02 efflux that accounts for spatial and temporal 
differences within a forest can have many advantages and can potentially decrease errors 
in estimating carbon budgets (Webster et al., 2008). Using fine-scale chamber-derived 
C 0 2 efflux to create models that are sensitive enough to capture spatial and temporal 
heterogeneity in soil C 0 2 flux could improve Canada’s forest carbon budget calculations.
Models have been developed to predict forest soil respiration in a variety of 
landscapes. The majority of these models are fairly simple, accounting only for
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temperature and soil moisture across a single season (Kang et al., 2003, 2006; Pacific et 
al., 2009; Sjogersten et al., 2006; Tang and Baldocchi, 2005). While it is generally 
accepted that temperature and moisture are primary controls on soil respiration, 
heterogeneity in forest topography also affects soil CO2 respiration rates, though only a 
few modelling studies have taken complex topography into account (Pacific et al., 2008, 
2009, 2010; Webster et al., 2008). In heterogeneous terrain, other spatial factors come 
into play to influence soil respiration rates, such as substrate availability. Nitrogen 
content and carbon lability both contribute to faster decomposition and respiration rates 
(Webster et al., 2008).
Temperature is usually the strongest predictor of soil CO2 efflux, because 
temperature directly controls microbial activity and rates of respiration (Davidson et al., 
1998, 2006); many models of CO2 efflux have been created with Q 10 alone (Chapman 
and Thurlow, 1996; Davidson et al., 1998; Scanlon and Moore, 2000). Moisture has a 
slightly more complex relationship with soil respiration, often inhibiting soil respiration 
when conditions are too dry or too wet (Riveros-Iregui et al., 2007; Welsch and 
Hornberger, 2004). Dry conditions inhibit soil respiration because soil microbes require 
substrates in a dissolved form (Stark and Firestone, 1995). Overly wet conditions limit 
oxygen diffusion, and if these conditions persist, aerobic respiration stops (Chapin et al., 
2002). It is for this reason that decomposition in peatlands is so slow. The temporal and 
spatial dynamics of temperature and moisture often result in peak respiration occurring 
during different times in the snow free season in different topographic areas with 
differing hydrology (Pacific et al., 2008). However, while simple temperature and
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moisture relationships can predict rates of decomposition, spatially heterogeneous 
substrates control the potential for microbial activity.
Substrate quality affects the rates of soil CO2 efflux (Qualls and Haines, 1992; 
Raich and Schlesinger, 1992; Tewary et al., 1982). Lability of a substrate can be 
measured by its carbonmitrogen ratio, where a high ratio of carbon to nitrogen suggests 
nitrogen limitation and low respiration rates. Peak decomposition usually occurs at a ratio 
of 25:1 or 30:1, beyond which the microbial community experiences nutrient stress 
(Chapin et al., 2002). In the Great Lakes-St Lawrence forest region, there are two fairly 
distinct potential sources of carbon substrates: organic horizons, which consist of litter in 
various stages of decomposition, and mineral horizons, which consist of decomposed 
SOM and exist underneath the fairly shallow organic horizons.
Fresh litter represents an extremely labile carbon input into a soil system, though 
its contribution to dissolved organic carbon (DOC) and soil respiration remains 
controversial. Some studies have concluded that most soil respiration is a result of 
decomposition of the litter layer (DeForest et al., 2009), and that leaf litter is a large 
contributor to DOC pools in the soil (Uselman et al., 2007). In contrast, other studies 
show support for DOC production and respiration to occur in the soil itself (Kramer et 
al., 2010). Although these studies used similar forest ecosystems and methodological 
approaches, there is no definitive conclusion about the role of leaf litter in respiration and 
DOC production. Leaf litter must play a significant role in the creation of new soil, but 
perhaps extensive decomposition of this already labile substrate is required.
According to the Canadian System of Soil Classification (1998), the litter-fibric- 
hemic (LFH) layer forms in most forest ecosystems and is classified as the O horizon,
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and represents the early stages of decomposition. In the fall, the freshly fallen leaves 
(FFL) cover the LFH, and become incorporated into it in the following spring, forming 
the forest floor. Below the litter layers/forest floor is the mineral A horizon, which forms 
through the accumulation of organic matter from the LFH layer or by carbon inputs from 
roots. It can often be split into two distinct horizons: a darker, richer Ah horizon; and a 
lighter, leached Ae horizon. The Ae horizon is often leached of much of its original 
organic matter and forms when there is significant lateral throughflow within the soil.
In addition to varying spatially due to differential sources, carbon can also vary 
spatially due to the sorption capacity of the soil. Carbon can sorb to mineral surfaces, 
such as iron (Fe) and aluminum (Al) oxyhydroxides through ligand exchange (Kaiser et 
al., 1996; Qualls et al., 2002); most research suggests that this renders DOC inaccessible 
to microbes, thus leading to long term carbon immobilization (Kaiser and Guggenberger, 
2000; Kalbitz et al., 2005; Schneider et al., 2010). Sorption processes can also selectively 
sorb hydrophobic fractions of dissolved organic matter (DOM); with hydrophilic 
fractions remaining in the dissolved phase (Kasier and Zech, 1998; Ussiri and Johnson, 
2004). Recent research has suggested that the sorption capacity of forest soils is generally 
exhausted within 30 years and the mean residence time for sorbed DOC would follow the 
same timeline, contradicting the view of long-term immobilization (Guggenberger and 
Kaiser, 2003; Mikutta et al., 2006). Guggenberger and Kaiser (2003) even suggest a new 
paradigm where sorption of DOM in biofilms enhances microbial access, and thus 
decomposition processes, by concentrating available DOM within the biofilms. The role 




Spatial heterogeneity of carbon substrates and their availability in the soil of the 
Great Lakes-St Lawrence forest region are complex and in order to understand and 
predict soil CO2 efflux in this region, an understanding of the sources of soil C02 efflux 
is needed.
1.6 Objective and Hypothesis
The objective of this study is to determine the source of soil CO2 efflux in a 
heterogeneous sugar maple forest and model soil CO2 efflux throughout the snow free 
season (April 1 -  November 30). Accurate predictions of soil C 0 2 efflux can lead to 
better estimates o f Canada’s forest carbon sink.
My hypothesis is that models incorporating substrates variables as well as 
environmental variables will be more predictive that models incorporating environmental 
variables alone.
1 predict that the carbon pools in the litter layer (FFL and LFH), along with the 
carbon pools in the Ah horizon of the soil, will be positively correlated with soil C 02 
efflux; and the sorption capacity of both the litter and soil will be negatively correlated 
with soil CO2 efflux.
1.7 Thesis Organization
This thesis has been prepared in monograph format. The introduction (Chapter 1) 
provides a summary of controls on the soil CO2 efflux and a summary of the research 
problem that leads to my hypothesis. The methods section (Chapter 2) outlines the study 
site and methodology used in this study. The results and discussion sections (Chapters 3 
and 4) describe the findings of the modelling work and the most likely sources of soil 
CO2 efflux in this region. The conclusion (Chapter 5) summarizes the findings of the
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modelling studies and their management implications. Appendix 1 provides a summary 
of all soil CO2 data collected during 2005 and 2010. Appendix 2 provides a summary of 
the most recent soil substrate data collected for each of the positions within the study 
area. Appendix 3 provides the Pearson correlation coefficients for all the soil substrates 
that could have been included in this study. Appendix 4 provides the regressions used for 
infilling missing environmental data in Transect A. Appendix 5 provides the results for 





The Turkey Lakes Watershed (47°03'00"N and 84°25'00"W) is located in the 
Algoma Highlands of Central Ontario, 60 km north of SauIt Ste. Marie and near the 
eastern shore of Lake Superior (Fig. 2.1). It is on the northern edge of the Great Lakes-St. 
Lawrence forest region and consists of an uneven-aged, mature-to over-mature, old- 
growth hardwood system. This research site has been in operation since 1980; it was 
initially established to study the effects of acid rain on aquatic and terrestrial ecosystems.
The forest consists of 90% sugar maple (Acer sacchrum Marsh.) with some 
yellow birch (Betula alleghaniensis Britton), white pine (Pinus strobus L.), white spruce 
(Picea glauca Moench Voss.), ironwood (Ostrya virginiana (Mill.) K. Koch), and red 
oak (Quercus rubra L.) in upland areas. Wetland areas consist of mostly sugar maple, but 
also eastern white cedar (Thuja occidentalis L.), black ash (Fraxinus nigra Marsh.), and 
balsam fir (Abies balsamea (L.) Mill.) (Wickware and Cowell, 1985).
The 10.5 km watershed is underlain by Precambrian silicate greenstone, which in 
turn is overlain by a thin and discontinuous glacial till (Jeffries et ah, 1988). The depth of 
the till ranges from < 1 m at higher elevations to 1-2 m at lower elevations. The soils that 
have developed from these tills are ferro-humic and humoferric podzols. Highly organic 
soils can be found in depressions, and adjacent to streams and lakes (Elliot, 1985). The 
relief of the watershed ranges from 644 m above sea level at the summit of Batchawana 
Mountain to 244 m above sea level at the outlet to the Batchawana River. This produces 
topography containing rugged slopes and depressions that may be hydrologically
11
j  Streams 
Lakes
' Catchment C38
Contour (25m interval) 
Watershed boundary
Figure 2.1 Location of the Turkey Lakes Watershed (47°03'00"N and 84°25'00"W), 
catchment C38 inset in gray (adapted from Webster, 2008).
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connected to or disconnected from drainage systems.
The study catchment C38 is 0.063 km2 and has a wetland cover of 25%. The 
hillslopes can be separated into distinct topographic features, which fall into the general 
categories of frequently dry uplands, intermittently dry ecotones, and frequently wet 
wetlands; this can be further separated into topographic positions as defined by Conacher 
and Darymple (1977) (Fig. 2.2a). Peat deposits in catchment C38 range from 6-7 m in 
depth in the wetland areas.
The climate is continental and strongly influenced by the close proximity to Lake 
Superior, with a mean total annual precipitation of 1189 mm and mean annual 
temperature of 4.6 °C from 1981 to 2010. Total annual precipitation and stream discharge 
significantly decreased (p<0.01) over this 30 year time span, while mean annual 
temperature significantly increased (p<0.01) (Fig. 2.3). For further details on the study 
site, refer to Jeffries et al. (1988).
2.2 Experimental Design
Three transects were established along north to northeast facing hillslopes of 
catchment C38 (Fig 2.2b), with instrumented plots at each topographic position (Table 
2.1). Each of these plots were continuously monitored for soil moisture and soil 
temperature at a depth of 5 cm below the mineral soil boundary, and synoptically 
monitored for soil CO2 efflux. All instrumentation was accessed by boardwalks to 
minimize soil disturbance.
Soil CO2 efflux was monitored using a ground-based chamber method due to the 


















Figure 2.2 a) The topographic features of a hillslope (adapted from Conacher and 
Darymple, 1977). b) Distribution of topographic features within catchment C38, locations 
of plots, and location of Transect A. The outflow from the catchment is indicated by the 
weir.
14
Figure 2.3 Annual total precipitation (mm), total stream discharge (mm), and average air 
temperature (°C) from 1981 to 2010. There has been a significant increase in temperature 
(p = 0.01), a significant decrease in stream discharge (p < 0.001), and a significant 











Table 2.1 Total area of topographic features in catchment C38.






Outer Wetland 12987 20.7
Inner Wetland 2862 4.5
Total 62974 100
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topographic positions for 2005 to 2010. Square aluminum collars enclosing a soil area of 
0.21 m2 and inserted 10-20 cm into the soil were placed at each site. The collars were 
allowed to settle for at least one growing season to minimize disturbance related CO2 
pulses. Small understory plants were clipped 24 h prior to CO2 efflux measurement to 
minimize disturbance, though mosses were allowed to remain to avoid excessive 
disturbance to the soil, and their overall contributions to soil CO2 efflux is minor 
(Swanson and Flanagan, 2001).
Samples were taken at mid-day (between 10 am and 2 pm) at regular intervals 
through the snow free season to ensure safety of field personnel and consistency in the 
measurements. A portable acrylic chamber was inverted over the collars, and the edges 
were immersed in water to ensure a tight seal. This “non-steady state” chamber method 
(Hutchinson et al., 1993) was used consistently throughout all years of study. A fan 
positioned in the top of the chamber ensured equal mixing of the air for the Vaisala 
CARBOCAP® Carbon Dioxide Probe GMP343 infrared gas analyzer (IRGA). The 
IRGA was attached to a handheld Ml-70 control unit that allowed for compensation of 
oxygen concentration (20.95%) and air pressure, as well as a secondary sensor for real­
time temperature and humidity correction. Fluxes were calculated as the slope of a linear 
regression of increasing CO2 concentration in the chambers with time. Fluxes were 
adjusted for the volume of the chamber (dimensions of 49.5 cm x 49.5 cm x 40 cm =
90.2 L), volume of the collar, changes in surface topography within the chamber, and 
were then volume-corrected based on ambient air temperature and pressure. A five 
minute run was typically sufficient to achieve a steady rate of increase.
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2.4 Environmental Monitoring
Catchment C38 was instrumented with soil moisture and soil temperature probes 
at each sample site in 2004. Soil moisture was measured five cm below the top of the 
mineral horizon with a Campbell Scientific CS616 Water Content Reflectometer (WCR, 
Campbell Scientific Canada Corp., Edmonton, AB) and converted to volumetric water 
content based on calibration equations provided by the manufacturer for upland soils and 
provided by Yoshikawa et al., (2004) for wetland soils. Soil temperature was measured 
five cm below the top of the mineral horizon with thermocouples constructed using 
thermocouple wire (Type T Omega FF-T-24-TWSH) and embedded into a 10 cm by 
0.635 cm l.D. copper tube with epoxy. These sensors were then connected to a Campbell 
Scientific CR10X datalogger via an AM 16/32 relay multiplexer powered by a 30 W solar 
panel and a seven Ah battery. The datalogger recorded mean hourly values for each of the 
probes. These data were not continuous for some sites due to logger malfunctions, and 
regressions were developed to interpolate for missing data to create a continuous record. 
Regressions were developed by correlating existing Transect A data with logger data 
from a similar and adjacent transect at equivalent positions throughout the snow free 
season. All regressions had an r2 of above 0.70 (See Appendix 4).
Synoptic soil temperature and soil moisture measurements were also taken during 
soil CO2 measurements, 5cm into the LFH, using a Long-Stem Digital Thermometer 
(Control Company, Friendswood, TX) and a ThetaProbe Soil Moisture Sensor (Delta-T 
Devices Ltd., Cambridge).
Total daily precipitation and average daily temperature were measured at the 
Canadian Air and Precipitation Monitoring Network (CAPMoN) recording station
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located just outside the watershed. These data are available from September 1980 and are 
collected by the National Water Research Institute and Meteorological Service Canada. 
Hydrologic periods were defined by precipitation patterns, temperature fluctuations, and 
water table depths in 2005 and 2010 (Table 2.2).
2.5 Nutrient Pools
Carbon and nitrogen pools were sampled in plots in 2006 and 2008 within each 
sample site using a Jeglum corer, constructed by the Canadian Forest Service. The cores 
were then subdivided into horizons, placed in labeled plastic bags, and transported in 
coolers. The substrates sampled were freshly fallen leaves (FFL), litter-fibric-hemic 
(LFH), Ah horizon, and Ae horizon (Table 2.3). FFL samples were collected on 30 cm x 
30 cm mesh placed on the surface of forest floor prior to leaf fall and collected prior to 
the development of a snowpack (Webster et al., 2008). LFH samples were collected by 
cutting 15.5 cm x 15.5 cm blocks into the forest floor.
Samples were dried at 25°C for chemical analysis, 60°C for bulk density of forest 
floor or peat, or 105°C for bulk density of soil. They were analysed for bulk density, total 
carbon (TC), total nitrogen (TN), and iron (Fe) and aluminum (Al) oxyhydroxides. Soil 
total carbon and total nitrogen concentrations were determined using a Carlo-Erba 
NA2000 analyzer (Milan, Italy), which combusted the samples at 1080°C located at the 
Great Lakes Forest Research Centre (Sault Ste. Marie, ON).
Soil organic carbon pools in FFL were calculated by multiplying organic carbon 
concentrations by leaf mass. Soil organic carbon pools in LFH and the A horizon or peat 
were calculated by multiplying the organic carbon concentration by bulk density (g/m2) 
and then by depth (m). Soil pools in the peat were limited to the top 10 cm below the 
LFH, as previous work in this area has shown that soil CO2 efflux from wetland soils is
19




Apr 1 -  May 30 Snowmelt, rising temperatures, first drop in water 
table
Summer June 1 -  July 31 Further increase in temperature, variable 
precipitation, second drop in water table
Late August 1 - Peak temperatures, variable precipitation, possibility
Summer September 19 of drought, lowest water table depths
Fall Storms September 20 -  
October 25
Decline in temperatures, onset of fall storms, large 
spikes in precipitation, rapid rise in water table depth
Late Fall October 26 -  
November 30
Further decline in temperatures, little precipitation, 
water table remains near surface
20
Table 2.3 Description of soil layers
Name Components




Young (< 1 year) carbon pool
Litter: 1 year old partially decomposed leaves 
Fibric: 2-3 year old fragmented leaves below the litter 




Dark, organic soil, high nutrients
Lighter, highly leached soil, loss of carbon to lower horizons
limited to the top 10 cm, even under drought conditions during a dry-down experiment 
(DeLaney, 2008). N pools also drop precipitously at depth beyond 10 cm, indicating 
recalcitrant peat that is unlikely to support much microbial activity. In addition, the 
moisture content of deeper peat inhibits microbial activity and these soils are frequently 
saturated, especially during spring snowmelt and the fall storm season (DeLaney, 2008).
The concentrations of Fe and A1 oxyhydroxides were determined using an 
ammonium oxalate (AO) extraction and a dithionite-citrate-bicarbonate (DCB) 
extraction. These extractions allowed for the isolation of both poorly crystalline, 
amorphous, and organically bound Fe and Al, and crystalline Fe (Shaw, 2001). Fe and A1 
oxyhydroxides were analyzed using inductively coupled plasma atomic emission 
spectroscopy (1CP-AES) at the Canada Centre for Inland Waters (Burlington, Ontario). 
Sorption capacity (SC) was determined by the sum of A1AO (Al extracted using AO) and 
FeD (Fe extracted using DCB). Values used in this study were those obtained in 2008 
whenever possible, and 2006 where 2008 data were not available.
2.7 Model Development
Soil CO2 efflux has been modeled in various ways, but the most predicitive model 
has been shown to be an exponential relationship (Tang and Baldocchi, 2005) in which 
the exponent is a polynomial expression that is linear with respect to temperature (°C), 
quadratic with respect to moisture (% by volume), and has linear offsets for carbon 
quantity and substrate quality (Webster et al., 2009). Subsequent factors were added to 
the model as linear offsets. Statistical modeling was done using SigmaPlot 11.0 (SysStat 
Software Inc., 2008) with nonlinear regressions. Only data from 2005 and 2010 were 
used in the models as sampling intensity was too low from 2006-2009 to create a robust
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model. As 2005 had the driest snow free season (668 mm), and 2010 had the wettest 
snow free season (894 mm) within the five year CO2 record, these two frequently 
sampled years provided a contrast in conditions.
23
CHAPTER 3: RESULTS
Forest floor and A horizon temperature showed strong linearity (Fig. 3.1a); 
however, there was some decoupling of forest floor and A horizon moisture (Fig. 3.1b). 
This decoupling was driven by a period in April and May where temperatures were too 
low for soil respiration, and the decoupling was not present during the peak season (July 
and August). Ah horizon moisture was therefore used in the models as this record was the 
most continuous for all the years of study.
Total carbon pools were smaller in the forest floor at all topographic positions 
(Fig. 3.2a) than in the soil (Fig. 3.2b) (p<0.001) although the forest floor and soil carbon 
pools were almost equal in the wetland positions, due to the thick LFH in the wetlands. 
The FFL carbon pool was only significantly different (p<0.001) between the crest and in 
wetland positions, and the LFH carbon pool was only significantly different (p<0.001) 
between the inner wetland and toeslope, and the inner wetland and crest. In the forest 
floor, the majority of the carbon pool was contributed by the LFH. In the soil, the Ah 
sorption capacity was two orders of magnitude less in the forest floor (Fig. 3.3a) than in 
the soil (Fig. 3.3b); however, the difference between the forest floor and soil was much 
smaller within the wetland positions. The greatest sorption capacity was in the soil of the 
toeslope position, creating a large potential carbon sink within the soil. The toeslope 
sorption capacity was significantly greater than the sorption capacity in the outer wetland 
(p<0.05). Within the toeslope, the greatest sorption capacity was in the Ah horizon, 





Forest Floor Moisture (VWC)
Figure 3.1 a) Forest floor temperature (°C) and A horizon soil temperature (°C) (r2 = 
0.85, p <0.0001), b) Forest floor moisture (VWC) and A horizon soil moisture (VWC) (r2 
= 0.60, p <0.0001). Temperature did not vary between the forest floor and the soil, but 
moisture was somewhat decoupled between the forest floor and soil.
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Figure 3.2 Total carbon pools (g C/m2) with standard deviation in a) the forest floor (FFL 
-  freshly fallen leaves and LFH -  litter-fibric-hemic) topographic position. Capital letters 
indicate significant differences (p<0.05) in the FFL and lowercase letters indicate 
significant differences (p<0.05) in the LFH, b) in the soil (Ah and Ae horizons) by 
topographic position. Letters indicate significant differences (p<0.05) in the A horizon 
(Ah+Ae).
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Figure 3.3 a) Forest floor (LFH) and b) soil (Ah and Ae) sorption capacity (mol/m2) of 
topographic positions. Note the scale change. Letters indicate significant differences 
(p<0.05) in total pools.
The environmental model included Ah soil temperature and Ah soil moisture to 
predict soil CO2 efflux (Table 3.1). Soil temperature and soil moisture explained 49% of 
the variance in soil CO2 efflux from 2005 and 2010 (Fig. 3.4a). The residuals falling 
outside of the 95% confidence interval of this model had strong linearity with observed 
soil CO2 efflux, showing that the model was more likely to underestimate soil CO2 efflux 
during peaks in efflux (Fig. 3.4b). The residuals were also only present in the backslope, 
footslope, and toeslope, with large underestimates at these positions (Fig. 3.4c). The 
residuals of this model also showed that the model tended to significantly underestimate 
soil CO2 flux during the summer and late summer months (Fig. 3.4d).
The environment and substrate model included additional soil variables: FFL 
carbon pool, LFH carbon pool, Ah sorption carbon pool, Ah sorption capacity, and Ae 
sorption capacity (Table 3.2). This model explained 80% of the variance in soil CO2 
efflux in 2005 and 2010 (Fig. 3.5a).
Other soil data that were collected were initially included into the model, but 
many parameters were not significantly correlated to soil CO2 efflux. The Ae C pool and 
LFH SC were not significantly correlated when incorporated into the model. Nitrogen 
parameters, such as the C:N ratio and N pools, could not be incorporated into the model 
with the C parameters due to the resulting overparameterization errors. Including these 
nitrogen parameters in the model instead of the carbon parameters did not result in 
overparameterization, but did decrease the r of the model (see Appendix 6).
Ah sorption capacity was negatively correlated with soil CO2 efflux, whereas Ae 
sorption capacity was positively correlated Rs. Both fractions of the forest floor total 
carbon pool (FFL and LFH) were negatively correlated with Rs, and the Ah carbon
27
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Table 3.1 Model of soil respiration as a function of environment for Transect A using 
combined results for 2005 and 2010, where T is soil temperature and M is soil moisture.


















Figure 3.4 a) Observed soil respiration for all plots (points) and soil respiration modeled 
as a function of soil temperature and moisture using the 2005 model for years 2005 and 
2010 (r2=0.49 , p <0.0001, n=766). Residuals falling outside the 95% confidence interval 
of modelled soil respiration by b) observed soil C02 efflux (pmol/m2/s) c) by topographic 
position and d) by hydrologic period.
Table 3.2 Model of soil respiration as a function of environment, forest floor carbon (FFL and LFH), Ah carbon, Ah sorption 
capacity, and Ae sorption capacity for Transect A using combined results for 2005 and 2010.
Intercept T M M2 FFL C LFH C Ah C Ah SC Ae SC r2 P
Coefficient -2.5961 0.1919 0.0563 -0.0007 -0.0314 -0.0008 0.0015 -0.0936 0.1500 0.80 <0.0001
Std. Error 0.3484 0.0073 0.0053 0.000081 0.0028 0.0001 0.000079 0.0080 0.0509
_E_________ <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0034
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c) d)
Figure 3.5 a) Observed soil respiration for all plots and modelled soil respiration using 
soil temperature, soil moisture for 2005 and 2010 combined and forest floor carbon (FFL 
-  freshly fallen leaves and LFH -  litter-fibric-hemic), Ah carbon, Ah sorption capacity, 
and Ae sorption capacity for transect A (r2 = 0.80, p <0.001). Residuals falling outside 
the 95% confidence interval of modelled soil respiration by b) observed soil C02 efflux 
(pmol/m2/s), where closed circles are positive residuals and open circles are negative 
residuals c) by topographic position and d) by hydrologic period.
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pool was positively correlated. The residuals falling outside of the 95% confidence 
interval of this model showed that the model tended to underestimate large soil CO2 
fluxes and overestimate small soil CO2 fluxes, where the previous model only 
underestimated soil CO2 fluxes and to a much larger degree (Fig. 3.5b). The model 
tended to significantly over and underestimate correspondingly at the backslope, 
footslope, and toeslope positions, with a few underestimations at the inner wetland (Fig. 
3.5c). These residuals occurred during summer and late summer, but again over and 







The environment model, which included only soil temperature and moisture, 
explained 49% of the daily variance, when applied to the combined 2005 and 2010 in soil 
CO2 efflux, results which is lower than in previous studies (Davidson et al., 1998). The 
terrain in this study, however, was much more complex and variable, and temporal 
changes in environment alone cannot account for the variance seen in these areas 
(Webster et al., 2008). This model underestimates soil CO2 efflux during the peak season 
(mid-summer), and at positions where soil respiration tends to be high; this indicates that 
optimal temperature and moisture alone cannot account for the high respiration rates seen 
at these sites during these times. Significantly increasing systematic underestimates of 
soil CO2 efflux with increasing observed soil CO2 efflux also supports a missing factor in 
predicting soil CO2 efflux.
4.2 Substrate Controls
To account for these very high respiration rates, substrate controls must be taken 
into account. Total soil carbon pools varied among topographic positions but were 
consistent with previous studies, with deeper deposits occurring at backslope, footslope, 
and toeslope positions (Pennock et al., 1987; Park et al., 2001). Forest floor (FFL and 
LFH) carbon pools showed less variability, except in the wetland positions, where slow 
decomposition rates due to constantly saturated conditions and anoxia created the highest 
carbon pools (Laiho, 2006).
Previous studies have investigated the differing sources and roles of substrate 
(namely carbon pools) in controlling soil CO2 efflux (DeForest et al., 2009; Liang et al.,
33
2010; Pumpanen et al., 2008). The largest carbon pool is present under the litter, in the 
mineral horizons. Though there is conflicting evidence, some studies suggest that the 
litter layer constantly leaches carbon into the mineral soil, where it is transformed into 
SOC and contributes to the accumulation of carbon in the Ah horizon of the soil 
(Uselman et al., 2007). Carbon pools in the Ae horizon were much smaller, because 
lateral flow promotes leaching of out SOC, leaving mineral particulates behind. The 
smallest Ae carbon pool (other than in the wetlands) was in the toeslope (Fig 3.3b); this is 
possibly due to the hydrology of the hillslope, where leachate flowing downwards from 
upland areas pools in the soil at the toeslope position and contributes to the Ah. From 
here, it does not continue to leach as strongly as it does from upslope positions, resulting 
in a large Ah carbon pool and small Ae carbon pool.
Sorption capacity was much greater in the soil than in the litter. An increased SC 
in the Ah was found to have a negative correlation with soil CO2 efflux. This is due to the 
immobilization of carbon through sorption processes, a well-known phenomenon. 
However, a previous study in this catchment found a positive relationship between 
sorption capacity and DOC concentrations/soil CO2 efflux (Rams, 2008), possibly due to 
SC being exceeded in areas with high DOC concentrations or the slow release of sorbed 
carbon with annual changes in pH (Ussiri and Johnson, 2004) and SO4 ' concentrations 
(Kaiser et al., 1996). Sorption capacity in the Ae horizon, however, was found to have a 
positive correlation with soil CO2 efflux, even though Ae carbon pools were not found to 
be significant in the model. Sorption in this layer may act as a trap for labile carbon 
leaching from the upper horizons or from upland areas through lateral flow, immobilizing 
it and preventing it from leaching out and being lost to stream exports. This carbon,
prevented from leaching away, may then contribute to soil CO2 efflux when it is 
desorbed. Although the soil located at a greater depth is not a large contributor to overall 
soil CO2 efflux, it is not negligible. Soils located as deep as the B and C horizons have 
been found to contribute to soil respiration in a variety of ecosystems (Liang et al., 2010; 
Pumpanen et al., 2008). In addition, sorption processes also selectively sorb hydrophobic 
fractions of DOM and the hydrophilic fractions (including dissolved organic nitrogen) 
remain mobile (Ussiri and Johnson 2004). This preferential sorption of less microbially 
available carbon leaves a larger percentage of labile carbon available in the Ae horizon. 
Preference for sorption of hydrophobic DOM dominates, and its sorption displaces and 
releases hydrophilic DOM (Kaiser et al., 1996; Ussiri and Johnson 2004); this potentially 
creates a steady supply of hydrophilic DOM into the Ae horizon, contributing to soil 
respiration. Ussiri and Johnson (2004) also found that hydrophilic DOM is higher in N 
than hydrophobic DOM, thus a high sorption capacity in the Ae could be linked to pools 
of more N-rich DOM. This results in more less N-limited and thus more labile DOM, 
which would enhance respiration of DOC at these nutrient-rich sites.
The addition of SC and carbon pools increased the r2 of the model to 80% (Table 
3.2). This combination of environmental and substrate variables allows for a much 
greater explanation of daily variance in soil CO2 efflux. From this model, we can see that 
the FFL and LFH layers are negatively correlated with soil respiration, but that the Ah 
carbon pool is positively correlated. This suggests that the Ah horizon is the main source 
of carbon for soil CO2 efflux. DOC is thought to be the primary substrate for microbial 
respiration (because it is labile and readily absorbed by microbes) (Bengtson and 
Bengtsson, 2007). Several studies have suggested that most DOC within the soil profile is
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derived from older carbon, which was solubilized from the Ah horizon rather than the 
litter layers (Hagedorn et al., 2004; Kramer et al., 2010; Muller et al., 2009). This 
suggests that the vast majority microbial substrate is contained within the Ah horizon and 
not within the litter, thus it is most likely in the Ah horizon where microbes access the 
majority of substrate. Even in studies where litter is noted to be positively correlated to 
DOC or soil respiration, it is suggested that the litter derived DOC has a priming effect 
on the soil, rather than being a source in itself (Borken et al., 2003; Fontaine et al., 2004; 
Kalbitz et al., 2005). Furthermore, the A horizon, rather than the litter layer, retains and 
releases the most DOC within the soil profile (Froberg et al., 2009). A substantial amount 
of carbon from the LFH is leached into the A horizon, where it forms SOC, rather than 
being respired, or leached further (Uselman et al., 2007). In the spring, when the ground 
is saturated, there is little infiltration and mobile carbon inputs of leachate would flow 
along the surface rather than infiltrating into the mineral horizons. In the fall, when the 
ground is covered by a layer of freshly fallen leaves, there would also be little infiltration. 
In the summer however, when the ground is unsaturated and the freshly fallen leaves 
have started to decompose and integrate into the LFFI, infiltration happens readily, 
mobile carbon can be transported into the mineral horizons (Fig. 4.1). This results in a 
steady influx of both DOC (which can be respired while in the mobile form), and SOC 
(which contributes to soil formation and can be resolubilized and respired) from the 
forest floor to the Ah horizon in the summer months, when respiration is highest. This 
evidence points to the carbon pool within the A horizon, and especially the Ah, as the 
primary source of microbial respiration.
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Figure 4.1 The movement of DOC within the soil in a) spring and fall, when the ground 
is impermeable due to saturation or freshly fallen leaves respectively, b) summer, when 
infiltration can occur
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Conversely, some studies suggest a different substrate for microbial respiration. 
Kramer et al. (2010), using 14C analysis, concluded that the majority of microbial carbon 
(and thus the majority of microbial substrate) was not soil carbon, but rather root derived 
carbon. Current estimates suggest that between 2-4% net carbon fixed is lost to root 
exudation (Jones et al., 2004), indicating a major source of labile carbon inputs to the 
soil. Root derived DOC has been found to be extremely labile; over 60% of this carbon is 
rapidly respired and does not become a part of the soil carbon pool (Uselman, 2000). This 
root derived carbon also supports the finding that the Ah is the source of most respiration 
in the soil, because the A horizon has the largest density of fine roots in most soils 
(Lorenz et al., 2011). This concentration of roots is another source of soil respiration, 
because studies suggest that approximately 50% of soil respiration is heterotrophic 
(Hogberg et al., 2005; 2009). The rest, autotrophic or root respiration, contributes 
substantially to overall soil CO2 efflux. Liang et al. (2010) installed CO2 meters at 
different depths within a larch (Larix kaempferi Sarg.) forest and found that litter only 
contributed 6% to the overall soil CO2 efflux at these sites, with the mineral soil 
contributing 72% of the soil CO2 efflux. In addition, 43% of the total respiration in their 
study was found to be root respiration, contributing substantially to topsoil respiration.
Not all evidence agrees with the A horizon as the source of most soil respiration. 
DeForest et al., (2009) found that the O horizon contributed up to 50% of the soil 
respiration in their sites and was the most seasonally variable, peaking during mid­
summer. Uselman et al., (2007) found that three times as much carbon was lost to 
respiration from litter than from the A horizon. However, this carbon-labelling 
experiment was conducted on a short term basis, and they concluded that an equal
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amount of carbon was leached and retained by the A horizon, creating the SOC. This 
does not preclude that in the long term, the A horizon could still be a major contributor to 
soil CO2 efflux, if sufficient time had passed for the newly leached carbon to be respired 
from the A horizon.
4.4 Management Implications
Evidence that the Ah horizon is the primary source of soil C 0 2 efflux has 
implications for management of forests as carbon offsets for industry. The Ah horizon 
contains largely older carbon pools, which represents a large store of historically 
sequestered carbon that can be made available for respiration in optimal environmental 
conditions. The upper horizons of mineral soils can be very vulnerable to erosion in the 
event of a clear cut or fire. The bare soil left behind can be easily washed away during a 
rain event, or blown away during a prolonged drought. If the soil is washed away, the 
carbon stored within it can decompose more rapidly and contribute to excessive organic 
matter in streams and lakes. More worryingly though, since the mineral soil can continue 
to respire even if inputs to the system (e.g. litterfall) stop, a clearcut forest would 
continue to lose carbon to the atmosphere from the soil until a new forest established in 
its place. This would result in much larger losses of carbon to the atmosphere than if the 
primary source of soil C 0 2 efflux were the forest floor and litter-derived substrates, as 
those would exhaust themselves much faster than the potentially enormous stocks of 
carbon in the mineral soil.
In addition, the possibility that root exudates may be a substantial source of 
carbon for respiration has implications for climate scenarios where atmospheric C 02 




CO2 also increase their root exudation (Raich and Tufekcioglu, 2000). This root exudate 
is extremely labile and quickly respired, which could create a positive feedback loop with 
atmospheric CO2. In addition, labile inputs into otherwise less labile but carbon rich soil 
can have a priming effect and further increase carbon losses from the Ah into the 
atmosphere through microbial activity. These factors, along with increasing climate 
variability in these regions, could result in forests becoming large carbon sources rather 
than carbon sinks.
4.5 Future Work
The continued presence of systematic residuals falling outside the 95% 
confidence interval at the backslope, footslope, and toeslope positions in summer 
suggests other factors should be considered to capture the full variability of soil CO2 
efflux. These factors may be substrate variables, or environmental variables. Many 
studies have found that rainfall, especially during peak seasons for soil CO2 efflux, 
results in pulses of respiration that are highly variable (Wu and Lee, 2011; Xu et al., 
2004). These pulses are difficult to quantify and capture, as continuous soil CO2 efflux 
monitoring is necessary to successfully capture the magnitude of a pulse. The backslope, 
footslope, and toeslope positions can also be influenced by lateral throughflow down a 
hillslope during a rain event, which can compound the effects of a re-wetting induced 
pulse by introducing flushed carbon from upslope areas. Upslope accumulated area, a 
proxy measure of the lateral redistribution of soil water, can be effective at predicted soil 
CO2 efflux on large scales (Riveros-Iregui and McGlynn, 2009). When the ground is 
saturated during a rain event, labile carbon-laden water would tend to flow rapidly 
downslope and pool in the footslope and toeslope positions especially. The inclusion of
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upslope accumulated area or another topographical parameter in future work may 
decrease the underestimation of soil CO2 efflux at these topographic positions. There is a 
large amount of variability during the peak season (summer and late summer), which 
experiences high temperatures and variable precipitation, suggesting that overland flow 
events could contribute more to soil CO2 efflux in the summer months than during the 
fall storms, where most of the variability is accounted for. High variability in the summer 
months could be due to the relative dryness of the soil during these periods, and a 





Soil CO2 efflux can be modelled successfully in a heterogeneous sugar maple 
forest when substrate controls are accounted for. While carbon pools in the litter layers 
(freshly fallen leaves and litter-fibric-hemic) have a negative relationship with soil CO2 
efflux, carbon pools in the Ah have a positive relationship. This suggests that the majority 
of soil CO2 efflux is derived from the Ah and not the litter. This is supported by other 
studies showing that the Ah and the older carbon found within it are the primary source 
of DOC, and that root exudation is an extremely important carbon input for microbial 
activity. While the litter layer in this forest may be an important contributor to SOC, the 
role of root exudate in microbial respiration and root respiration creates a very active Ah 
layer, where the majority of respiration occurs. Sorption capacity in the Ah diminishes 
soil CO2 efflux through the immobilization of carbon, but in the Ae it increases soil CO2 
efflux. This is possibly through the prevention of carbon loss in this highly leached layer, 
even though the total carbon pool in the Ae is not a significant factor in predicting soil 
CO2 efflux. Further research into other possible factors influencing soil CO2 efflux in this 
region will result in better predictions and possibly reduce significant over and 
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Appendix 1: Measured soil CO2 efflux from 2005 to 2010.
Sample
Date
Day of Soil CO2 efflux (pmol/m2/s)




10-Apr-05 100 0.26 1.05 1.02
11-Apr-05 101 0.17 0.73 0.52
12-Apr-05 102 0.79 0.86 0.68
13-Apr-0 5 103 0.74 0.70 0.45
14-Apr-0 5 104 0.80 0.61 0.35 0.79
15-Apr-0 5 105 0.96 1.07 1.36 1.00 0.10
16-Apr-05 106 1.19 1.14 1.33 3.47 0.21
17-Apr-05 107 1.19 1.11 1.14 0.99 0.08
18-Apr-05 108 1.47 1.54 2.48 3.15 0.38
19-Apr-05 109 1.25 1.20 1.89 2.06 2.33 0.40
20-Apr-05 110 1.80 1.34 1.03 2.29 2.82 0.38
21-Apr-05 111 0.84 0.85 0.98 1.57 1.47 0.57 0.26
22-Apr-05 112 1.18 1.05 0.55 1.91 1.51 0.64 0.24
23-Apr-05 113 0.28 0.19 0.11 0.94 0.56 0.28 0.23
24-Apr-05 114 0.65 0.63 0.28 1.23 0.87 0.24 0.32
25-Apr-05 115 1.02 0.68 1.02 0.89 1.30 0.18 0.44
28-Apr-05 118 0.86 0.71 1.43 3.21 1.87 0.25 0.31
01 -May-05 121 0.58 0.44 1.12 2.22 1.64 0.23 0.63
10-May-05 130 2.87 2.06 4.55 7.71 5.74 0.59 1.66
11-May-05 131 1.54 1.94 0.88 2.24 3.50 0.27 0.28
12-May-0 5 132 1.65 1.33 1.48 2.64 1.93 0.45 0.36
19-May-05 139 2.78 2.64 0.35 0.30















































































































5.70 6.07 3.67 4.92
7.29 7.20 4.51 5.37
7.79 7.57 4.33 3.96
3.11 5.12 2.27 1.72
50
16-Oct-05 289 2.04 1.90 2.12
18-Oct-05 291 2.50 1.65 3.56
21-Oct-05 294 1.55 0.97 2.74
25-Oct-05 298 1.38 1.08 1.06
28-NOV-05 332 0.39 0.37 1.05
16-May-10 136 3.52 2.61 2.83
18-May-10 138 4.38 3.20 5.55
16-Jun-10 167 6.53 7.24 3.61
17-Jun-10 168 9.09 7.38 10.13
20-Jun-10 171 7.37 6.28 8.57
21-Jun-10 172 7.46 3.25 9.14
23-Jun-10 174 9.71 6.05 10.27
13-Jul-10 194 9.18 6.15 12.72
16-Jul-10 197 9.18 6.19 9.08
17-Jul-10 198 8.52 5.69 15.56
20-Jul-10 201 9.97 6.28 25.35
21-Jul-lO 202 11.68 8.24 24.32
24-Jul-10 205 8.94 6.45 23.73
25-Jul-lO 206 9.72 6.23 22.78
26-Jul-10 207 7.71 5.12 14.01
18-Aug-10 230 6.30 5.30 11.69
19-Aug-10 231 9.08 7.28 21.48
20-Aug-10 232 6.48 3.73 14.77
21-Aug-10 233 7.77 7.33 13.38
22-Aug-10 234 7.80 8.73 12.51
23-Aug-10 235 8.64 5.66 14.76


























































Appendix 2: Measured soil substrates from in 2008.
Param eter Substrate (g/m )




Forest Floor SC (mol/m2) 0.12 0.24 0.08 0.05 0.07 0.27 0.31
Ah SC (mol/m2) 6.20 4.19 1.21 7.13 30.13 0.63 0.72
Ae SC (mol/m2) 6.13 3.91 4.61 6.91 3.41 0.63 0.72
FFL C Pool 124.21 108.24 112.03 185.85 158.28 127.24 89.38
LFH C Pool 1084.43 2200.36 1843.56 1737.39 1492.36 2805.07 3237.61
Ah+Ae Soil C Pool 4018.60 4468.42 5760.53 7374.89 7608.17 4402.57 4042.65
Ah Soil C Pool 3257.07 3683.63 3868.59 5844.32 6471.74 4402.57 4042.65
Ae Soil C Pool 2284.59 1768.13 1891.94 2295.86 1136.43 4402.57 4042.65
FFL N Pool 2.40 2.09 2.07 3.74 3.70 3.74 2.76
LFH N Pool 48.84 105.95 79.85 74.94 68.59 170.87 164.85
Ah+Ae Soil N Pool 304.00 287.65 281.92 365.39 480.67 270.09 229.17
Ah Soil N Pool 243.80 222.24 180.21 247.81 408.27 270.09 229.17
Ae Soil N Pool 180.60 124.46 101.71 176.38 72.40 270.09 229.17
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Appendix 3: Pearson correlation coefficients for all substrates, total, and dissolved used in the models. Uppermost value is the 
coefficient, middle value is the p value, lower value is sample size. Shaded cells contain p values less than 0.05.
FFL C LFHC Ah Soil Ae Soil FFLN LFHN Ah Soil Ae Soil
Pool Pool C Pool C Pool Ah Soil Ae Soil Pool Pool N Pool N Pool
Ah SC Ae SC (g/m2) (g/m2) (g/m2)___ (g/m2) FFL C:N LFH C:N C:N C:N (g/m2) (g/m2) (g/m2) (g/m2)
FF
SC -0.158 -0.244 -0.266 0.768 -0.103 0.679 -0.443 -0.722 -0.315 0.0292 0.0175 0.845 0.0642 0.624
7.64E- 1.04E- 2.99E- 1.00E- 6.30E-
12 26 1.69E-31 0 8.15E-06 252 2.73E-90 299 3.89E-44 0.208 0.452 0 0.00556 202
1863 1863 1863 1863 1863 1863 1863 1863 1863 1863 1863 1863 1863 1863
Ah
SC 0.152 0.209 -0.209 0.397 -0.297 0.0196 0.151 -0.175 -0.147 0.13 -0.216 0.592 -0.247
3.90E- 3.08E-
11 7.00E-20 8.85E-20 2.46E-71 2.53E-39 0.398 6.54E-11 2.55E-14 1.69E-10 1.66E-08 3.61E-21 176 3.09E-27
1863 1863 1863 1863 1863 1863 1863 1863 1863 1863 1863 1863 1863
Ae
SC 0.203 - -0.552 -0.178 0.00801 0.401 0.125 -0.187 -0.475 -0.0762 -0.514 -0.128 0.199
2.80E- 2.19E- 7.02E-
9.26E-19 149 9.25E-15 0.73 4.47E-73 5.93E-08 3.72E-16 105 0.000993 126 3.3E-08 4.50E-18
1863 1863 1863 1863 1863 1863 1863 1863 1863 1863 1863 1863
FFL C Pool (g/m2) -0.371 0.154 -0.328 0.013 0.242 0.204 -0.264 0.83 -0.366 0.0629 -0.244
4.83E-62 2.22E-11 6.58E-48 0.574 3.09E-26 6.87E-19 3.87E-31 0 5.04E-60 0.00658 1.22E-26
1863 1863 1863 1863 1863 1863 1863 1863 1863 1863 1863
LFH C Pool (g/m2) 0.0623 0.684 -0.585 -0.544 -0.03 0.336 0.0156 0.969 0.129 0.51
4.38E- 2.75E- 9.52E- 7.05E-
0.00717 257 171 144 0.195 2.34E-50 0.5 0 2.05E-08 124
1863 1863 1863 1863 1863 1863 1863 1863 1863 1863
Ah Soil C Pool (g/m2) -0.225 0.0739 0.331 0.544 0.518 0.0429 0.00295 0.888 -0.361
2.94E- 1.73E-
7.63E-23 0.00141 9.53E-49 144 128 0.0641 0.899 0 1.53E-58
1863 1863 1863 1863 1863 1863 1863 1863 1863
Ae Soil C Pool (g/m2) -0.546
2.20E-
-0.755 -0.342 -0.0187 0.0136 0.757 -0.0684 0.949
145 0 3.94E-52 0.42 0.559 0 0.00313 0
1863 1863 1863 1863 1863 1863 1863 1863




214 1.07E-39 0.313 135 202 4.13E-06 2.60E-93
1863 1863 1863 1863 1863 1863 1863
LFH C:N 0.538 0.159 -0.144 -0.717 0.0884 -0.733
2.36E- 4.73E- 2.635E-
140 4.63E-12 4.76E-10 294 0.000134 314
1863 1863 1863 1863 1863 1863
Ah Soil C:N 0.557 -0.00318 -0.139 0.114 -0.472
1.92E- 5.88E-
152 0.891 1.49E-09 7.84E-07 104
1863 1863 1863 1863 1863
Ae Soil C:N -0.206 0.264 0.333 -0.304
2.57E-19 4.58E-31 2.45E-49 3.14E-41
1863 1863 1863 1863
FFL N Pool (g/m2) 0.0385 0.0626 0.0367
0.0966 0.00691 0.114
1863 1863 1863








Appendix 4: Regressions for infilling missing environmental data. Developed from a 25 
transect for use with Transect A (35°) at equivalent topographic positions.
55
Position Temperature Moisture
Equation r2 Equation r2
CR y = 1.0909x- 0.296 0.99 y = 1.7767x- 0.8125 0.95
SH y = 1.0216x + 0.0595 0.99 y = 1.1273x + 3.1707 0.79
BS y = 1.1312x - 0.7427 0.99 y =  1.7137x- 13.328 0.82
FS y = 0.8965x + 0.4967 0.99 y = 0.5069x + 0.7048 0.93
TS y = 0.8795x + 1.3229 0.99 y = 2.6046x- 15.414 0.84
OW y = 0.9264x + 0.4166 0.99 y = 0.9493x + 5.9263 0.75
IW y = 1.0935x- 1.3033 0.99 y =  1.0777x- 6.806 0.72
55
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Appendix 5: Model results with deeper peat pools (5 cm, 10 cm, 20 cm, 30cm, 40 cm and 50 
cm)
Peat Depth (cm) Variable Coefficient p-value
5 80 FFLC -0.0156 <0.0001
LFHC -0.0008 <0.0001
Ah C 0.0010 <0.0001
Ah SC -0.1180 <0.0001
Ae SC 0.5728 <0.0001
10 80 FFLC -0.0314 <0.0001
LFH C -0.0008 <0.0001
Ah C 0.0015 <0.0001
Ah SC -0.0936 <0.0001
Ae SC 0.1500 0.0034
20 80 FFLC -0.0336 <0.0001
LFH C -0.0019 <0.0001
Ah C 0.0023 <0.0001
Ah SC -0.0873 <0.0001
Ae SC -1.6820 <0.0001
30 80 FFLC -0.1711 <0.0001
LFH C -0.0104 <0.0001
Ah C 0.0127 <0.0001
Ah SC 0.1463 <0.0001
Ae SC -19.0426 <0.0001
40 80 FFLC 0.0319 <0.0001
LFHC 0.0022 <0.0001
Ah C -0.0026 <0.0001
Ah SC -0.1989 <0.0001
Ae SC 6.5836 <0.0001
50 80 FFLC 0.0127 <0.0001
LFH C 0.0010 <0.0001
Ah C -0.0012 <0.0001
Ah SC -0.1663 <0.0001
Ae SC 4.1676 <0.0001
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Appendix 6: Results of including nitrogen parameters into the substrate and environment model.
Parameters included p-value
Temperature, moisture, FFL N, LFH N, Ah N, Ah SC, Ae SC 0.56 <0.0001
Temperature, moisture, FFL C, FFL C:N, LFH C, LFH C:N, 
Ah C, Ah C:N, Ah SC, Ae SC,
Overparameterization N/A
Temperature, moisture, FFL C, FFL N, LFH C, LFH N, Ah C, 
AhN, Ah SC, Ae SC,
Overparameterization N/A
Temperature, moisture, FFL C, FFL C:N, LFH C, LFH C:N, 
Ah C, Ah C:N
Overparameterization N/A
Temperature, moisture, FFL C, FFL N, LFH C, LFH N, Ah C, 
AhN, Ah SC
Overparameterization N/A
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